ABSTRACT A study was conducted to evaluate the efficacy of fructooligosaccharides (FOS) in controlling the infection of Salmonella Enteritidis (SE) in White Leghorns. A total of 30 laying hens (white leghorns W-36) were challenged both orally and cloacally with approximately 10 8 colony-forming units of nalidxic acid resistant SE (SE NAR ) and divided into 3 treatments: 1) SE NAR challenged + 0.0% FOS, 2) SE NAR challenged + 0.5% FOS (Nutraflora), and 3) SE NAR challenged + 1.0% FOS. SE NAR recovery via fecal shedding was measured at 3-and 6-d post-infection (dpi), whereas in the ceca and internal organs, SE NAR recovery was measured at 7-d post-infection. In the first experiment, there was a 1.0 log 10 and a 1.3 log 10 reduction in cecal SE NAR by supplementation of FOS at 0.5 and 1.0%, respectively. In the second experiment, there was a 0.6 log 10 and a 0.8 log 10 reduction in cecal SE NAR by supplementation of FOS at 0.5 and 1.0%, respectively. Fecal shedding was significantly lower in 1.0% FOS supplemented groups compared to SE NAR challenge 0.0% FOS. There was no significant difference among the 3 treatments on SE NAR recovery in liver with gall bladder and ovaries. However, the frequency of positive SE NAR in the ovaries (10 to 40%) in SE NAR challenge 0.0% FOS was significantly lower than liver with gall bladder (60 to 80%) in both experiments. There was a significant upregulation of toll-like receptor-4 in 1.0% FOS and interferon gamma in both 0.5 and 1.0% FOS. Histologic measurements of ileal villi height and crypt depth were similar across all treatments. Immunohistochemistry analyses of ileal samples showed that immunoglobulin A positive cells increased as FOS concentration increased reaching significance at 1.0% as well as altered cytokine gene expression in the ileum. Further, FOS supplementation also reduced cecal SE NAR and feces SE NAR levels. Collectively, the results suggest that dietary supplementation with FOS may impair SE pathogenesis while modulating humoral immunity within the gut-associated lymphoid tissue.
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INTRODUCTION
Foodborne diseases continue to be important health and economic issues in the United States with higher incidence observed for Salmonella (CDC, 2014) . Salmonella enterica serovar Enteritidis (SE) is a facultative intracellular foodborne pathogen that causes illness in chickens and humans (Babu et al., 2012) . The major sources of human Salmonella infections are the contaminated meat and eggs from Salmonella carrier chickens (Mughini-Gras et al., 2014) . The misuse of an-tibiotics leading to the resistance in bacteria, such as Salmonella, has created demands for novel antimicrobial or inhibitory replacements (Cheng et al., 2014) . Dietary interventions involving plant by-products including wheat-middling and alfalfa with fructoligosaccharides (FOS) to reduce the Salmonella colonization in molting hens have been evaluated in the past (Seo et al., 2001; Dunkley et al., 2007) . Salmonella Enteritidis challenge with prebiotics, probiotics, and symbiotic supplementation in Salmonella-free 1-day-old broilers as well as laying hen pullets have been already reported (Murate et al., 2015) . Other studies in broilers reported that dietary FOS administration yielded better gain and feed conversion (Bailey et al., 1991; Xu et al., 2003) . Further, dietary FOS supplementation has the potential to elevate the anti-Salmonella activity, which is mainly due to the shift of intestinal microbiota and the production of short-chain fatty acids (Van Immerseel et al., 2009 ). Dietary supplementation with FOS revealed a 4-fold reduction of Salmonella in chicken ceca (Bailey et al., 1991) and had indirect benefits toward the immune system of chickens by promoting the growth of lactic acid-producing bacteria (Xu et al., 2003) . Currently, no study has evaluated the bacteriological as well as immunological consequences of FOS supplementation in mature laying hens challenged with SE. We hypothesize that FOS supplementation reduces SE in the ceca and internal organs as well as stimulates select immunological parameters. To test this hypothesis, this study investigated the role of FOS supplementation on anti-Salmonella activity in feces, ceca, liver with gall bladder (L/GB) and ovary as well as intestinal morphology and select gut-associated lymphoid tissue immune parameters in White Leghorn hens.
MATERIALS AND METHODS

Salmonella, Diluent, and Inoculum Preparation
Salmonella Enteritidis resistant to nalidixic acid (SE NAR ) bacteria were used in this study at the USDAAgricultural Research Service facility (Athens, GA). Tryptic soy broth (Acumedia, Neogen Corp., Lansing, MI) with 15% glycerol (Sigma-Aldrich, St Louis, MO) was employed for long-term preservation of SE NAR . SE NAR were grown on brilliant green agar with sulphapyridine (BGS; Acumedia, East Lansing, MI) containing 200 ppm of Nal (BGS-Nal; Sigma-Aldrich, St. Louis, MO) and incubated for 24 h at 37
• C. Isolated SE NAR colonies were transferred to 9 ml of 0.85% sterile saline solution. The absorbance value was adjusted to an optical density of 0.20 ± 0.01 at 540 nm with a spectrophotometer (Spect-20, Milton-Roy, Thermo Spectronics, Madison, WI), which yields approximately 10 8 cfu/ml. Cultures were serially diluted in sterile saline for enumeration. Hens were individually gavaged orally with a 1 mL tuberculin syringe (Becton, Dickinson and Co., Franklin Lakes, NJ) and an animal feeding needle (Popper & Sons, Inc., New Hyde Park, NY), whereas intracloacal inoculation was performed using only a 1 mL tuberculin syringe. Hens were challenged with the inoculum doses of 2.4 × 10 8 and 1.7 × 10 8 cfu/ml of SE NAR for experiments 1 and 2, respectively.
Hens, Husbandry, and Dietary Treatments
Two experiments were conducted with 30 (per experiment) Single Combs White Leghorn hens (n = 30 birds per experiment 60 and 65 wk old at the beginning of the first and second experiments, respectively). Hens were housed individually in wire-laying cages and fed a corn-soy layer mash diet (Table 1) . The diet was formulated to provide 2600 kg/kcal ME, 16% CP, 4.4% Ca, and 0.5% available P (NRC, 1994). All hens were allowed to acclimate to the basal diet for 1 wk after which they were randomly allocated to the respective treatment diets. After 1-week adaptation to the treatment diets, hens were individually challenged with SE NAR (0-d post-infection, dpi). On 7 dpi, hens were individually euthanized and samples were collected. Total experimental days were 21. Hens were housed under a controlled environment (27 ± 2
• C) and a 16 h light:8 h dark regimen. Feed was withdrawn for 10 h before SE NAR challenge, and feeders were replaced immediately post-challenge. Hens were grouped to give 10 replicates per treatment. The treatments were as follows: 1) SE NAR challenged control, 2) SE NAR challenged + 0.5% FOS (Nutraflora) (GTC Nutrition, Bridgewater, NJ), and 3) SE NAR challenged + 1.0% FOS. All experiment protocols were approved by the Institutional Animal Care and Use Committee of University of Georgia (AUP number = A2014 07-016).
Sampling Protocol and Processing
Fecal Shedding (Bacteriological) Hens were monitored for fecal shedding on 3 and 6 dpi. Aluminum foil sheets were placed in the bottom of the cages overnight, and feces were collected the next morning in to sterile 50 mL conical centrifuge tubes and transported in an ice chest for bacteriological analyses. Briefly, feces from each bird were weighed, then diluted with buffered peptone water (BPW) 3 times volume to the sample weight and vortexed. A 10 μl portion of each sample was streaked for isolation onto BGS-Nal plates. Plates and sample tubes were incubated for 24 h at 37
• C. Plates that were negative by direct plating were confirmed by a repeated streak into BGS-Nal plates from the overnight pre-enriched samples. The plates were read as negative or positive based on the Salmonella colonies they produced.
Ceca, L/GB, and Ovaries (Bacteriological) All hens were humanely euthanized by electrocution on 7 dpi. Samples including ceca, ovaries, and L/GB were collected aseptically for bacteriological analyses. All the samples were macerated by a sterile rubber mallet. Samples were individually weighed and diluted in BPW at 3× their weight. The sample bags were stomached (Techmar Company, Cincinnati, Ohio) for 60 s and pre-enriched for 24 h at 37
• C. Pre-enriched samples for ovaries and L/GB were streaked for isolation onto BGS-Nal plates and incubated for 24 h at 37
• C. The growth of SE NAR was observed and recorded. Cecal samples were analyzed using the modified Blanchfield method (Blanchfield et al., 1984) . In brief, after stomaching for 60 s, two cotton-tipped swabs were dipped and rotated in the cecal material for approximately 5 s. One BGS-Nal plate was surface-swabbed (plate A). The second swab was transferred into a sterile 9.9 mL BPW dilution tube. The tube was vortexed for approximately 10 s, and a third swab was used to surface swab a second BGS-Nal plate (plate B). The contents of each dilution tube were returned to the stomacher bag and incubated with the plates at 37
• C overnight. All plates together with the cecal samples were incubated overnight at 37
• C. Samples that were negative after the overnight pre-enrichments were restreaked onto a fresh BGS-Nal plate (plate C) and incubated overnight at 37
• C. Counts were approximated and converted to log10 cfu SE NR /g of cecal contents. Ileum Immune Genes Expression RNA Isolation, cDNA Synthesis, and Quantitative Real-time Polymerase Chain Reaction Sections of the ileum were aseptically excised, immediately frozen in liquid nitrogen, and preserved at -80
• C for analysis of immune genes by quantitative real-time polymerase chain reaction (qRT-PCR). Total RNA was extracted from about 100 mg of tissues using QiAzol lysis reagents (Qiazen, Valencia, CA) according to the manufacturer's instruction. The samples were homogenized in a homogenizer (Biospec Products, Fisher Scientific, MA) for 3 min. The RNAse-free water (Ambion, Applied BioSystems, Life Technologies, CA) was used to dissolve the final pellet. The total RNA concentrations were determined at an optical density of 260 nm using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, MA). All RNA samples were normalized to a concentration of 2 μg/μl, and the purity of RNA was verified by evaluating the optical density ratio of 260 to 280 nm. The normalized RNA was reverse-transcribed using High Capacity cDNA synthesis kits (Applied BioSystems, Life Technologies, CA). Individual transcripts were normalized to glyceraldehyde 3-phosphate dehydrogenase as a housekeeping gene. Primers for select chicken immune marker genes toll-like receptor (TLR-4), interleukins (IL-1ß, IL-6, and IL-10), and interferon (IFN Y ) were designed according to National Center for Biotechnology Information presented in Table 2 . qRT-PCR was performed using a Step One thermo-cycler (Applied Biosystem, Foster City, CA).
Ileum Histomorphology Approximately 2 cm sections of the ileum were selected and fixed in 10% phosphate-buffered formalin (Sigma-Aldrich, St. Louis, MO) for 24 h. Briefly, tissues were routinely processed, and samples were embedded in paraffin and cut into 4.0 μm sections and stained with standard hematoxylin-eosin solution. Additional unstained sections were mounted onto positively charged slides for further immunohistochemistry (IHC) analysis. Each slide was evaluated for villi height (VH) and crypt depth (CD) at 100× magnification using a light microscope coupled with a camera (Leica DC500 camera, Leica Microsystems Inc., Buffalo Groove, IL). A minimum of 3 readings per slide were made for both VH and CD and averaged into a single value for each sample.
VH was measured as entire villus length from the tip to base. CD was measured from the villus-crypt axis to the base of the specific crypt. Villus height to CD ratio and total mucosal thickness were also calculated for each ileum. Image J software was used to analyze and measure the length of the captured images.
Ileum IHC Immunoglobulin A (IgA)-positive cells in the ileum were identified and quantitated by an IHC technique. Paraffin-embedded ileal sections mounted on slides were deparaffinized in xylene and hydrated in descending grades of alcohol. Antigen retrieval was executed in citrate buffer at pH 6.0 for 45 min with the use of a steamer. Blocking of peroxidase activity was performed with Bloxall (Vector Laboratories, Burlingame, CA) following manufacturer's instructions and the samples were washed. After the washing steps, the slides were incubated with a Protein Block solution (Dako, Carpinteria, CA) for 10 min to block nonspecific binding. Mouse monoclonal antichicken IgA (Southern Biotech, Birmingham, AL) was diluted at 1:500 concentrations and used as a primary antibody. The slides were incubated with the primary antibody at 23
• C for 1 h. Slides incubated with phosphate-buffered saline served as negative controls. The slides were then washed. The slides were incubated with MACH 3 mouse probe and horse radish peroxide-polymer (Biocare Medical, Concord, CA) following manufacturer's recommendations. After washing steps, the slides were incubated with 3, 3' diaminobenzidine tetrahydrochlorine (Vector Laboratories, Burlingame, CA) for 10 min at 23
• C and counterstained with hematoxylin. The slides were examined by a bright field microscope. An Olympus DP25 camera was used to take photographs of 3 100× fields of view per section. Counting of immunostained cells was performed with CellSens Standard software (Olympus, Center Valley, PA).
Statistical Analysis
SE
NAR recovery from feces and internal organs was analyzed with Fisher's exact test for any Salmonella prevalence. The relative quantification analysis of qRT-PCR data was performed using the ΔΔCt method (Livak and Schmittgen, 2001 ). The means of Log 10 viable SE NAR counts from the ceca, ileum immune gene expression, histomorpholgy, and IHC data were subjected to one-way analysis of variance using the GLM procedure of SAS (SAS, 2009 ). Significant differences between the means of different treatments were determined by Duncan's multiple-range test, and significant differences were assessed at P < 0.05.
RESULTS
Prevalence of SE NAR in Fecal Samples
At 3 dpi, all of the fecal samples analyzed were positive for SE NAR (Table 3) . By day 6 dpi, the percentage of positive fecal samples for SE NAR in the 0.0% FOS group had declined to ∼85% (average of 2 experiments). However, in the 6 dpi FOS-supplemented birds, this percentage decreased reaching significance in the 1.0% FOS-treated group in both experiments compared to SE NAR challenge 0.0% FOS group.
Cecal Count of SE NAR
Supplementation of FOS at 1.0% significantly reduced (P < 0.05) the cecal SE NAR compared to SE challenged control diet but 1.0% FOS was not different from 0.5% FOS in both experiments (Table 4) . In experiment 1, the mean log 10 value of SE NAR colonization was 4.2 in the 0.0% FOS that was reduced to log 3.2 in 0.5% FOS and to log 2.8 in 1.0% FOS. In experiment 2, the mean log 10 value of SE NAR colonization was log 3.7, 3.3, and 2.9 in the 0.0, 0.5, and 1.0% FOS, respectively. In experiment 1, there was 1.0 log 10 and 1.4 log 10 reduction in cecal SE NAR by supplementation of FOS at 0.5 and 1.0%, respectively. In experiment 2, there was 0.5 log 10 and 0.8 log 10 reduction in cecal SE NAR by supplementation of FOS at 0.5 and 1.0%, respectively.
Prevalence of SE NAR in Ovary and L/GB
Salmonella Enteritidis recovery in the ovary was significantly lower (P < 0.05) compared to the L/GB (Table 5). The ovary was 40% positive in SE challenged 0.0% FOS, whereas for 0.5 and 1.0% FOS, it was 20 and 30% positive, respectively (experiment 1). In experiment 2, ovary was 20% positive in the 0.0% FOS, Table 5 . Effects of fructoligosaccharides (FOS) on Salmonella Enteritidis colonization on the liver gall bladder (L/GB) and ovaries on 7-d post-infection (experiment 1 and 2). whereas it was 20 and 10% positive for 0.5 and 1.0% FOS. In L/GB, FOS supplementation at any level did not significantly reduce SE recovery.
Cytokine Gene Expression in the Ileum
The FOS supplementation altered the expression of 2 of the ileal cytokine genes of the 5 examined (Figure 1) . Supplementation of 1.0% FOS significantly upregulated the TLR-4 mRNA (P = 0.0005) expression compared to both the 0.0 and 0.5% FOS (Figure 1b) . Supplementation of 0.5 and 1.0% FOS significantly upregulated the IFN-γ mRNA expression (P = 0.003) compared to the SE challenged 0.0% FOS group (Figure 1d ).
Intestinal Morphology and IgA Count in the Ileum
In both experiments, VH, CD, and their ratio were not statistically different across treatments (Table 6) . However, the number of IgA+-stained cells in the lamina propria of ileum was affected by FOS supplementation (Figure 2 ). IgA-positive cells were detected in intestinal mucosa in all 3 treatment groups (Figure 3) . There was an increase in IgA + cells in the ileum for the 1.0% FOS treatment that was significant to both the 0.0 and 0.5% FOS treatment groups.
DISCUSSION
Salmonella in Feces, Ceca, L/GB, and Ovary
The FOS used in our study has shown to be effective in reducing SE NAR fecal shedding at 6 dpi. Because there is a high chance of egg contamination after the egg-laying process, knowledge of SE fecal shedding pattern could help to evaluate future intervention approaches to reduce Salmonella contamination in eggs. A previous study reported that supplementation of 0.75% FOS reduced Salmonella prevalence to 12% and resulted in 0.75 log10 cfu reduction in Salmonella numbers when compared with SE challenged control birds (Bailey et al., 1991) . Studies have shown that FOS alone or in combination with competitive exclusion cultures decreased organ colonization and recovery of SE from cecal contents of White Leghorn as well as broiler chicks (Bailey et al., 1991; Fukata et al., 1999) .
Invasion beyond intestine to internal organs like liver and spleen occurs within few hours of exposure to Salmonella infection (He et al., 2010) . Hens-fed diets containing both alfalfa and FOS had significantly reduced fecal shedding as well as organs (liver and ovary) colonization of SE (Donalson et al., 2008) . However, the above study was conducted with the complete feed withdrawal for 7 d unlike the present study, which removed feed for ∼12 to 14 h. Feed withdrawal in laying hens is one of the major stressors, and thus the incidence of SE is higher in such withdrawal periods. In our study, FOS was supplemented in feed and not in water because it was previously reported that in-feed supplementation of FOS was more effective in reducing Salmonella numbers than via drinking water (Bailey et al., 1991) .
Immune Gene Expression by Salmonella and FOS
Salmonella infection has been shown to upregulate inflammatory cytokines gene expression such as IL-1ß, IL-18, and IFN-γ (Yasuda et al., 2002; Chappell et al., 2009; Babu et al., 2012) . Interleukin-1ß is a proinflammatory cytokine mainly secreted from monocytes and macrophages (Corwin, 2000) . In our study, there was no difference between treatments in the expression of IL-1ß gene at the level of the ileum. A study reported that IL-1ß was neither upregulated nor downregulated when chicks were challenged with Salmonella and supplemented with FOS (Janardhana et al., 2009 ). However, in another study, pro-inflammatory cytokines including IL-1ß were reduced by supplementing FOSinulin diet in SE-infected cells (Babu et al., 2012) . Still, it is worth noting that in the present study, cytokine gene expression was only evaluated in the ileal tissue. It is possible that this expression may have been different had avian lymphoid tissue been evaluated.
TLR can recognize the conserved pathogenassociated molecular patterns of the lipopolysaccharides (LPS) of gram-negative bacteria, and are involved in a chain reaction that stimulates the innate immune response (Aderem and Ulevitch 2000) . The increase in TLR-4 expression which became significant with a 1.0% FOS diet suggests that dietary FOS may enhance innate cell activation in the wake of SE infection. Orally administered prebiotics are non-inflammatory in basal conditions but are beneficial in experimental intestinal inflammatory conditions (Daddaoua et al., 2006) . In a previous study, avian monocytes were activated by FOS and inulin possibly via TLR-4 ligation that resulted in enhanced cytokines secretion (Daddaoua et al., 2006) . Another study reported an increased expression of TLR-4 mRNA in the ileum of chickens challenged with Clostridium perfringes and fed mannanoligosaccharides (Yitbarek et al., 2012) . Such intestinal immune response may provide knowledge about the small intestine being a main site for pathogen control of gut-associated infections (Shang et al., 2015) . In chickens, the TLR-4 is shown to be linked to resistance to Salmonella infection (Leveque et al., 2003) . Thus, the impact of increased expression of TLR-4 in the ileum due to FOS feeding needs to be investigated further at the level of the innate cell.
IL-6 serves as both pro-and anti-inflammatory cytokines and is also produced in monocytes and macrophages (Waititu et al., 2014) . Increased chemokines and cytokine gene expression (IL-1ß, IL-6, IL-8, IL-18, and CCLi2) in heterophils, monocytederived macrophages, ceca and cecal tonsil are believed to be associated with Salmonella resistance (Ferro et al., 2004; Setta et al., 2012) . Higher expression of IL-6 may be associated with strong pro-inflammatory immune response. The current study did not show any difference in the IL-6 expression between the treatments. This result agrees with other studies where no effects of FOS or prebiotics in IL-6 expression in the cecal tonsil, ileum, and spleen of broilers were not observed (Janardhana et al., 2009; Yitbarek et al., 2015) . Similarly, no significant difference was observed in expression of IL-6 in the mannanoligosaccharidestreated group and Clostridium perfringens challenged chickens (Yitbarek et al., 2012) . Interferon-γ is a pro-inflammatory cytokine that is responsible for increasing the expression of major histocompatibility complex antigens and provides host defense against intracellular pathogens such as Salmonella (Benbernou and Nauciel, 1994) . Similarly, supplementing FOS also upregulated ileal gene expression of IL-1ß, -2, -10, -18, TLR-4, IFN-γ and splenic IL-18, IL-1ß (Shang et al., 2015) . Similarly, a study that used dietary yeast cells found higher expression of IFN-γ in broilers (Shanmugasundaram et al., 2015) . Interleukin-10 is a major anti-inflammatory cytokine, which can directly regulate both innate and adaptive T cell responses as well as suppresses inflammatory responses in tissues (Couper et al., 2008) . The current study did not show any difference in IL-10 expression between treatments, and our findings are similar to a previous study where FOS did not show any effects on IL-10 expression in the cecal tonsil (Janardhana et al., 2009 ). However, our results contrast with another study that found upregulation of IL-10 in cecal tonsil by supplementing a blend of yeast-derived carbohydrates and probiotics (Yitbarek et al., 2015) . Similar to the comment above regarding IL-1β, the gene expression results were restricted to ileal tissue, it is possible had the analysis been expanded to evaluate specific avian lymphoid tissue in the gut-associated lymphoid tissue and possibly the spleen, the results may have been different. Future FOS dietary-SE challenge studies will need to be performed to investigate this issue.
Ileal Morphology and IgA Expression
Analysis of the structure of the intestinal mucosa can provide useful information regarding the health of the digestive tract (Bogus lawska-Tryk, 2012). Stress factors in the digesta can lead to shortening of villi and deepening of crypts (Bogus lawska-Tryk, 2012) . Increasing the VH suggests an increased surface area capable of greater absorption of available nutrients (Caspary, 1992) . The increase in CD or crypt to VH ratio indicates the greater need of cell proliferation to maintain the gut barrier function (Awad et al., 2009) . A possible explanation as to why the ileal morphology was unaffected in the hens used in this study might be due to the age and maturity of laying hens. Given that these birds were initially between 60 and 65 wk old, their gut integrity, microbiome, and immune capacity were well established. Similarly, Xu et al. (2003) accessed the effects of 3 levels of dietary FOS in a broiler basal diet at 2.0, 4.0, and 8.0 g/kg mixture and found no dietary effect detected for villi and microvilli or CD in the duodenum of unchallenged chicks.
IgA is the major isotype of immunoglobulin secreted on the mucosal surface and protects the intestinal mucosal surfaces from invasion and colonization from pathogens by inhibiting attachment to the gut epithelium (Macpherson et al., 2008) . The intestinal immune system, in general, is considered to have the largest accumulation of antibodies in the body (Burkey et al., 2009 ). The IgA is predominant in intestinal secretions and is synthesized by plasma cells in the lamina propria (Bos et al., 2001) . The intestinal immune response plays an important defensive role for pathogens, particularly for those transmitted by fecal shedding (Bianco et al., 2014) . There was an increase in IgA+ cells in all Salmonella-infected groups, and this was similar to a previous study that reported increased IgA-positive cells after Salmonella infection (Bobikova et al., 2015) .
CONCLUSION
FOS reduced fecal shedding and ceca SE NAR numbers in mature hens by 6 dpi. Further, FOS supplementation in the wake of SE NAR challenge appears to alter select immune parameters in laying hens including increased gene expression of TLR-4 and IFN γ, as well as an increase in IgA+ cells in the ileal lamina propria. However, there was no effect observed for either VH or CD. The study shows that FOS can be used as one of the dietary interventions to reduce Salmonella infection in chickens thus helping the poultry industry.
